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F amilial hypertrophic cardiomyopathy (FHC) is an inherited autosomal disease that is most commonly caused by mutations in sarcomeric protein genes. Of the 10 different sarcomeric genes identified to cause hypertrophic cardiomyopathy, mutations in the gene encoding cardiac myosin binding protein C (cMyBPC) are among the most common cause of hereditary-linked hypertrophic cardiomyopathy. [1] [2] [3] FHC impacts ≈1 in 500 individuals 4 ; however, several founding mutations in cMyBPC around the world have been recently shown to affect millions of individuals from common ancestry 5 who are at significantly greater risk for development of cardiac dysfunction and heart failure compared with individuals who do not carry these mutations. The mechanisms by which cMyBPC mutations cause cardiac disease are still not clear, but the few studies that have examined human tissue samples from patients carrying cMyBPC mutations have found direct evidence for decreased expression of cMyBPC in the heart, 6, 7 suggesting that in these patients decreased cMyBPC expression may contribute to cardiac dysfunction and hypertrophy.
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A causal link between decreased cMyBPC expression and cardiac dysfunction is yet to be definitively established; however, evidence from mouse models suggests that complete absence of cMyBPC in the heart (cMyBPC −/− ) leads to severe contractile dysfunction and left ventricular (LV) hypertrophy, [8] [9] [10] [11] whereas a ≈25% decrease in cMyBPC expression in hearts of heterozygous cMyBPC-null mice leads to moderate mechanical dysfunction and development of milder hypertrophy than cMyBPC −/− hearts. 12, 13 It is thought that the molecular mechanism that impairs cardiac contractile function in cMyBPC-deficient mice is an acceleration of cross-bridge kinetics because of a loss in the inhibitory effects of cMyBPC on actomyosin interactions [14] [15] [16] and decreased stability of strongly bound cross-bridges causing their premature detachment from actin. 17 However, it is yet to be demonstrated that increasing the levels of cMyBPC in the intact heart can improve contractile function of hearts deficient in cMyBPC. Thus, the goal of this study was to increase the expression of cMyBPC in cMyBPC −/− hearts by transfecting the myocardium in vivo with recombinant viral vectors to determine whether restored levels of cMyBPC in the sarcomere can reverse abnormal cross-bridge behavior at the myofilament level. A secondary goal was to determine whether restored crossbridge function can improve impaired contractile function in vivo. This proof-of-concept experiment will establish the feasibility of cMyBPC gene therapy in a mouse model of FHC and will provide an initial platform for future research that will develop the clinical application of cMyBPC gene therapy as a strategy for treatment of cMyBPC-related FHC.
Methods
An expanded Methods section is available in the online-only Data Supplement.
cMyBPC Gene Transfer
Lentiviruses encoding the full-length mouse cMyBPC (LcMyBPC) or lacking cMyBPC (vehicle, lentivirus-cytomegalovirus (LCMV) promoter only) were generated using the ViraPower Lentivirus expression system (Invitrogen) according to the manufacturer's instructions. Adult male cMyBPC −/−8 and wild-type (WT) mice (SV/129 strain, 8-26 weeks of age) were anesthetized, and a thoracotomy was performed to directly inject the myocardium with lentivirus using a syringe with a fine needle tip. All procedures involving animal care and handling were performed according to institutional guidelines set forth by the Animal Care and Use Committee at Case Western Reserve University.
In Vitro Mechanical Experiments and In Vivo Assessment of Contractile Function
Mechanical measurements of skinned multicellular ventricular myocardium isolated from cMyBPC −/− hearts 21 days and 20 weeks after gene transfer (cMyBPC or vehicle) were performed as previously described. 14, 15, 18, 19 Mechanical measurements were also performed on cMyBPC −/− skinned myocardium after reconstitution with recombinant cMyBPC to directly compare the effects of increased cMyBPC expression by in vitro and in vivo techniques. To assess the effects of cMyBPC gene transfer on in vivo cardiac contractile function and morphology, transthoracic echocardiography was performed on a separate group of cMyBPC −/− mice 21 days after cMyBPC gene transfer (cMyBPC or vehicle).
Myofibrillar Protein Content and RNA Analysis
The cMyBPC content was measured in individual skinned myocardial preparations used for mechanical experiments by SDS-PAGE and Western blotting. Tissue homogenates were also prepared from ventricular preparations isolated from WT, untreated cMyBPC −/− , and cMyBPC −/− mice after cMyBPC gene transfer for analysis of myofibrillar protein content and phosphorylation by SDS-PAGE and Western blotting as previously described. 13 The content of cMyBPC was also evaluated in ventricular homogenates isolated from hearts that underwent echocardiographic studies after cMyBPC gene transfer. Expression levels of hypertrophic marker genes after cMyBPC gene transfer were evaluated by reverse transcription polymerase chain reaction.
Fluorescence Imaging Immunohistochemistry
Immunofluorescent detection of cMyBPC was performed by confocal microscopy on skinned myocardium and whole heart sections isolated from WT, cMyBPC −/− , and virus-treated cMyBPC −/− mice 21 days after gene transfer.
Statistical Analysis
Skinned fiber mechanical data were analyzed as previously described. 14, 15 Comparisons of in vitro and in vivo measurements between groups were performed using a 1-way ANOVA with Tukey post hoc test. Statistical significance was defined as P<0.05.
Results

Myofilament Protein Expression and Phosphorylation in WT and Virus-Treated cMyBPC −/− Myocardium Used for In Vitro Mechanical Studies
The cMyBPC content of individual fibers isolated from LcMyBPC-treated cMyBPC −/− LV that were used for mechanical experiments was not different than the cMyBPC content of fibers isolated from WT LV or cMyBPC −/− fibers after in vitro reconstitution using recombinant cMyBPC (Table 1) . In contrast, no cMyBPC expression was detected in skinned myocardium isolated from vehicle-treated cMyBPC −/− LV (ie, LCMV) ( Figure 1 ). The sarcomeric localization of cMyBPC in skinned myocardium isolated from LcMyBPC-treated cMyBPC −/− hearts and cMyBPC −/− myocardium reconstituted with cMyBPC was probed by immunohistochemistry and showed similar staining patterns to WT myocardium, suggesting that in vivo and in vitro cMyBPC reconstitution resulted in proper cMyBPC incorporation within the sarcomere (Figure 2 ). Myofilament protein expression and phosphorylation were assessed in myocardium isolated from the region of the viral injection site (mid-LV to apex) of WT, cMyBPC −/− , and virus-treated cMyBPC −/− hearts that were used for mechanical experiments. No significant differences in the relative abundance or phosphorylation status of myofilament proteins were detected between groups ( Figure 1 ). As expected, cMyBPC was not detected in fibers isolated from untreated and vehicle-treated cMyBPC −/− hearts; however, fibers isolated from LcMyBPC-treated cMyBPC −/− hearts (21 days after cMyBPC gene transfer) expressed cMyBPC at a level of 97±7% of the cMyBPC content of fibers isolated from WT hearts. Expression of cMyBPC in LcMyBPC-treated hearts was stable and was maintained at a high level (87±12% of the cMyBPC content of WT fibers) 20 weeks after gene transfer ( Table 1) . Expression of β-myosin heavy chain was slightly elevated in skinned myocardium isolated from untreated cMyBPC −/− hearts (16±5%; P<0.05) compared with WT myocardium and was nearly absent in myocardium isolated from LcMyBPCtreated cMyBPC −/− hearts (4±3%; not significant) ( Figure 1 ). Table 1 .
Mechanical Properties of Skinned Myocardium
Skinned myocardial preparations were isolated from the region of the viral injection site in all groups of mice. There were no differences in steady-state force generation at maximal and submaximal activating [Ca 2+ ] or in the steepness of the forcepCa relationship (Hill coefficient, n H ) in any of the groups ( Figure 3 ). Consistent with previous studies, 14, 15 cMyBPC −/− skinned myocardium displayed dramatically accelerated rates of force development (k tr ) ( Figure 3 ), stretch-induced force decay (k rel ) and delayed force development (k df ) at submaximal Ca 2+ activations, and greater stretch-induced force decay (P 2 amplitude) and stretch activation amplitude (P df ) compared with WT myocardium (Table 2) . Skinned myocardium isolated from LcMyBPC-treated cMyBPC −/− hearts displayed dramatically slower cross-bridge kinetics (k tr , k rel , and k df ) compared with untreated cMyBPC −/− myocardium, both 21 days and 20 weeks after cMyBPC gene transfer (Table 2; Figures 3  and 4) . In contrast, skinned myocardium isolated from LCMVtreated cMyBPC −/− hearts displayed similar stretch activation properties to untreated cMyBPC −/− myocardium ( Table 2 ). The effects of increased exogenous cMyBPC content in cMyBPC −/− myocardium by in vivo gene transfer on contractile function were also directly compared with in vitro reconstitution of cMyBPC −/− myocardium with recombinant cMyBPC. Acute increases in cMyBPC content in the cMyBPC −/− sarcomere by in vivo and in vitro methods resulted in similar effects on contractile function because incubation of cMyBPC −/− skinned myocardium with recombinant cMyBPC did not alter steady-state force generation (Table 1) but dramatically slowed cross-bridge kinetics such that they became indistinguishable from WT myocardium ( Figure 3 ).
Effects of cMyBPC Gene Transfer on In Vivo Cardiac Function
The effects of cMyBPC gene transfer on in vivo cardiac contractile function were analyzed by echocardiography in a separate group of WT, cMyBPC −/− , LcMyBPC-treated cMyBPC −/− mice and are presented in Table 3 . Consistent with previous findings, [8] [9] [10] [11] cMyBPC −/− hearts displayed significant increases in LV chamber dimensions at end systole and end diastole, as well as increases in posterior wall thickness and LV mass-to-bodyweight ratios, compared with WT hearts (Table 3) . Furthermore, cMyBPC −/− hearts displayed diminished fractional shortening and shortened systolic ejection time and prolonged isovolumic relaxation times, indicating impaired systolic and diastolic function, respectively ( Table  3) . As expected, vehicle-treated cMyBPC −/− hearts showed no differences in contractile function and LV morphology compared with untreated cMyBPC −/− hearts (data not shown); however, LcMyBPC-treated cMyBPC −/− hearts showed improvements in cardiac contractile function and reduced LV dimensions compared with untreated cMyBPC −/− hearts (Table 3; Figure 5 ). The effects of cMyBPC gene transfer on cMyBPC expression, in vivo cardiac contractility, and LV morphology of cMyBPC −/− hearts were variable. The average cMyBPC content of LcMyBPC-treated cMyBPC −/− hearts assessed by in vivo echocardiography was 60±17% of the cMyBPC content of WT hearts (range, 38%-96%) ( Figure 5 ). Hearts expressing high levels of cMyBPC displayed contractile function and LV wall dimensions that were similar to WT hearts ( Figure 5 ), whereas hearts expressing cMyBPC at lower levels showed some functional improvements but modest changes in wall dimensions. Overall, averaged data of all LcMyBPC-treated hearts (n=19) showed statistically significant improvements in contractile function and cardiac morphology compared with untreated cMyBPC −/− hearts ( Table 3 ). The expression and localization of cMyBPC in the myocardium of LcMyBPC-treated cMyBPC −/− hearts were further analyzed by immunohistochemistry in serial sections cut from the apex, mid-LV, and base. LcMyBPC-treated hearts that showed significant improvements in in vivo function exhibited robust cMyBPC expression ( Figure 5 ) throughout the myocardium, even in regions of the LV distal from the injection site, whereas in LcMyBPC-treated hearts that did not show marked improvements in in vivo function, cMyBPC expression was mostly localized to regions proximal to the viral injection site and was usually absent in the distal base region (data not shown).
Discussion
The majority of treatment modalities for heart failure are mostly focused on delaying or preventing mechanisms that -independent force at pCa 9.0; F max , maximal Ca contribute to pathological cardiac remodeling to preserve or improve contractile function and myocyte viability. 20, 21 Commonly prescribed therapies for treatment of heart failure include afterload reduction, blockade of the β-adrenergic and renin-angiotensin-aldosterone cascades, cardiac fibrosis, and hypertrophy. However, because the primary cause that contributes to the pathophysiology of FHC mutations is most commonly perturbed myofilament function caused by mutations in sarcomeric proteins, therapies aimed at correcting myofilament dysfunction may be more effective than therapies aimed at downstream pathological compensatory mechanisms. Our results here suggest that viral gene transfer into the cMyBPC −/− myocardium increases the levels of cMyBPC in the sarcomere and concomitantly reverses myofilament contractile dysfunction and improves in vivo cardiac performance.
Effects of cMyBPC Gene Transfer on Myofilament Contractile Function
The main purpose of this investigation was to determine whether in vivo gene transfer of cMyBPC into the cMyBPCdeficient myocardium can reverse the acceleration of crossbridge kinetics at the myofilament level. Our data demonstrate that LcMyBPC-treated cMyBPC −/− myocardium displays high expression of cMyBPC without changes in the expression or phosphorylation of other myofilament proteins (Figure 1 ). Some studies using skinned myocardium isolated from cMyBPC knockout mice have reported decreases 8 or increases 22, 23 in Ca 2+ sensitivity of force, but other studies 11, 13, 14, 16, 24 have shown that the absence of cMyBPC does not affect isometric steady-state force generation. It is possible that differences in the reported effects of cMyBPC on force generation may be related to alterations in the expression of thin filament proteins in the different mouse models, such as troponin I isoforms 23 that can also affect submaximal force generation and differences in study protocols, that is, types of myocardial preparations used and experimental temperature. Here, we found that cMyBPC ablation did not affect steady-state isometric force generation. Because force generation is proportional to the number of strongly bound cross-bridges and the time cross-bridges are in strongly bound states, accelerated cross-bridge attachment and detachment because of cMyBPC ablation 14, 24 promotes cross-bridge transitions to force-generating states but also reduces the time cross-bridges remain in strongly bound states, with the net effect being relatively preserved duty ratios and force generation. Consistent with this argument, increased expression of cMyBPC in cMyBPC −/− myocardium did not alter steady-state Ca 2+ -independent or Ca 2+ -dependent isometric force generation (Figure 3) . In contrast, cross-bridge kinetics were dramatically slowed in LcMyBPC-treated cMyBPC −/− myocardium, both 21 days and 20 weeks after gene transfer (Figures 3 and  4) , such that k tr and rates of force relaxation and development after acute stretch were similar to WT. Importantly, the salutary effects of viral-driven cMyBPC expression on contractile function in cMyBPC −/− myocardium were not transient but rather were maintained during a period of 20 weeks. Furthermore, using a complementary in vitro approach, we demonstrate that cMyBPC reconstitution of skinned myocardium isolated from cMyBPC −/− hearts with recombinant cMyBPC results in a similar slowing of cross-bridge kinetics 24 as cMyBPC fibers incubated with recombinant cMyBPC in vitro was similar to the cMyBPC content of WT fibers. However, none of the fibers analyzed after in vivo or in vitro cMyBPC reconstitution expressed cMyBPC at greater levels than WT fibers. These results indicate that there may be limited numbers of cMyBPC-binding sites that dictate the localization of cMyBPC within the thick filament and suggest that acute introduction of exogenous cMyBPC in the cMyBPC-deficient sarcomere results in a physiological cMyBPC stoichiometry. This observation is also in agreement with earlier studies, [25] [26] [27] demonstrating that cMyBPC is arranged regularly along the thick filament and is only present in specific regions within the A-band. The mechanism by which incorporation of exogenous cMyBPC into cMyBPC −/− myocardium results in normal cross-bridge behavior likely involves restored interactions of the cMyBPC N-terminal domains, with the S2 region of myosin near the myosin lever arm region that inhibits binding of myosin cross-bridges to actin, thereby slowing rates of cross-bridge attachment. 14, 24 In addition, cMyBPC may prolong the strongly bound state of cross-bridges to prevent their premature detachment from actin after completion of the cross-bridge powerstroke and augment the structural stability and longitudinal rigidity of the sarcomere 16, 17, 28 via interactions of the C-terminal domain of cMyBPC with titin and the tail region of myosin.
Effects of cMyBPC Gene Transfer on In Vivo Contractile Function
Accelerated cross-bridge kinetics because of a lack of cMyBPC in the sarcomere lead to a truncated duration of systolic ejection and impair LV relaxation leading to diastolic dysfunction. [9] [10] [11] [12] Our in vitro studies demonstrated cMyBPC gene transfer reversed myofilament contractile dysfunction in skinned myocardium; therefore, it was of interest to study the effects of cMyBPC gene transfer on whole-organ cardiac contractile function in cMyBPC −/− mice. The cMyBPC gene transfer technique used here (ie, a single injection of LcMyBPC into the LV wall) was not specifically designed to transduce the whole cMyBPC −/− myocardium and resulted in variable cMyBPC expression. However, in some cMyBPC −/− hearts, high cMyBPC expression was achieved, even in regions distal to the injection site ( Figure 5 ), which resulted in dramatically improved systolic and diastolic contractile function ( Figure 5 ), as evidenced by increased ejection times and shortened isovolumic relaxation times (Table 3) . Prolonged ejection times and accelerated diastolic filling in LcMyBPCtreated cMyBPC −/− hearts may be explained by the molecular effects of cMyBPC on cross-bridge function, which prolong the lifetime of the strongly bound cross-bridge state 28 and inhibit cross-bridge rebinding to actin during the isovolumic relaxation phase of diastole, 22 respectively. Previous studies have shown that transgenic cMyBPC expression of ≈40% on a cMyBPC-null background reversed abnormal contractile function and hypertrophy in the mouse heart, suggesting that complete reconstitution of cMyBPC is not required to rescue the cMyBPC-null phenotype. 29 Here also, despite the heterogeneity of the efficiency of myocardial transduction by in vivo cMyBPC gene transfer, we observed consistent improvements in contractile function in cMyBPC −/− hearts, which graded with myocardial cMyBPC expression. Reductions in LV wall thickness were observed in LcMyBPCtreated cMyBPC −/− mice and were corroborated by decreases in the abundance of mRNA of molecular markers of hypertrophy (online-only Data Supplement Figure) . However, significant improvements in LV morphology were most notable in cMyBPC −/− hearts expressing high levels of cMyBPC, whereas weaker expression of cMyBPC localized to the viral injection region did not consistently result in improvements in LV morphology. It is possible that, unlike transgenic expression of cMyBPC that presumably results in a uniform distribution of ], yielding a prestretch isometric force of ≈50% maximal in skinned myocardium isolated from (A) untreated cMyBPC −/− and lentiviruses encoding the full-length cMyBPC (LcMyBPC)-treated cMyBPC −/− hearts, (B) untreated cMyBPC −/− and LCMV-treated cMyBPC −/− hearts, and (C) wild-type (WT) and LcMyBPC-treated cMyBPC −/− hearts. These representative transients are normalized to prestretch isometric force corresponding to the force baseline, which is arbitrarily set at zero. cMyBPC in different regions of the heart, focal expression of cMyBPC by acute gene transfer in the cMyBPC −/− heart is insufficient to fully rescue myocardial dysfunction.
Implications for Treatment of cMyBPC-Related FHC
Recent studies have shown that gene transfer interventions designed to enhance sequestration of Ca 2+ into the sarcoplasmic reticulum to accelerate cardiac relaxation by increased expression of parvalbumin or SERCA2a [sarco/endoplasmic reticulum calcium ATPase 2a isoform] 30,31 may be effective for correcting contractile dysfunction and pathological remodeling in heart failure. However, there are few studies that have tested this approach in vivo in an animal model of FHC. Although the precise mechanisms by which mutations in cMyBPC lead to contractile dysfunction and LV hypertrophy are still being debated, there is evidence that reduced amounts of cMyBPC in the myocardium may be a common feature that contributes to contractile dysfunction in cMyBPC-related FHC. 6, 7 Therefore, this proof-of-concept study demonstrates the feasibility and use of in vivo cMyBPC gene transfer to increase levels of cMyBPC in the sarcomere and improve contractile function in a mouse model of FHC. Importantly, our data show that increasing cMyBPC expression in cMyBPCdeficient hearts may have therapeutic application to delay the emergence of FHC or reverse the pathological course of the disease. The development of cMyBPC gene therapy may be especially useful in the treatment of patients with compound heterozygous or homozygous cMyBPC mutations, which may result in significant reductions in the content of cMyBPC in the sarcomere, and are associated with severe cardiac dysfunction and high incidences of death at a young age.
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Limitations
Although this study suggests that cMyBPC gene therapy was effective in improving contractile function in a mouse model of cMyBPC-related FHC, several limitations require further consideration. Lentivirus vectors were used here because they can stably transduce nondividing cardiac myocytes and integrate into the host genome, thereby providing long-term gene expression, and have a sufficient cloning capacity to accommodate the cMyBPC cDNA. However, some questions remain regarding lentivirus biosafety, with concerns of potential insertional mutagenesis events, 35 which were not investigated here. Furthermore, consistent and efficient global myocardial transduction of cMyBPC in vivo in larger mammalian hearts will require multiple direct injections of the LV wall or the use of systemic delivery techniques. 36, 37 Thus, further experiments will be required to refine in vivo lentivirus delivery methods and other viral gene delivery platforms, such as adenoassociated virus, which have shown promise in human clinical trials, [35] [36] [37] should also be considered for myocardial cMyBPC delivery. The efficiency of cMyBPC gene transfer should also be examined in mouse models that express varying levels of endogenous cMyBPC similar to some patients with cMyBPC insufficiency because native cMyBPC may compete with the exogenous cMyBPC for binding sites in the thick filament.
